The aim of this study was to determine whether or not thalamic reticular nucleus (Rt) neurons form synaptic connections with the thalamocortical (TC) neurons from which they receive synaptic contacts. Therefore, we examined, in adult rats, the relationships between single TC and Rt neurons, which had been marked simultaneously with an anterograde/retrograde tracer (biocytin or Neurobiotin), using the extracellular or juxtacellular technique. (i) From 30 successful extracellular microapplications of marker into the Rt, 22 gave retrogradely marked TC somatodendritic arbors at the fringe of or clear outside the anterogradely darkly stained Rt axon terminal fields. Following biocytin application into the thalamus, few cells were retrogradely stained in the Rt at the periphery of the anterogradely labelled axon terminal field. (ii) The juxtacellular filling of a single Rt cell was accompanied by the back-filling of a single TC neuron (n ϭ 4 pairs), which presumably formed synaptic contacts with the former cell. The somatodendritic complex of the back-filled TC neuron was located outside the Rt cell's axonal arbor.
Introduction
The thalamic reticular nucleus (Rt) projects principally according to a parallel ordering into practically all the dorsal thalamic nuclei (Jones, 1975; Hale et al., 1982; Steriade et al., 1984; Harris, 1987; Velayos et al., 1989; Pinault et al., 1995a,b; Crabtree, 1996 Crabtree, , 1998 , 1998a . It also receives parallel projections from thalamic and cortical regions that are reciprocally linked (Montero et al., 1977; Crabtree & Killackey, 1989; Conley & Diamond, 1990; Conley et al., 1991; Crabtree, 1992a,b; Bourassa et al., 1995; Coleman & Mitrofanis, 1996 ; see review by Guillery et al., 1998) . These projections are made of collaterals of thalamocortical (TC) and corticothalamic axons, which converge on the same termination site in the Rt.
Thalamocortical neurons form glutamatergic synapses with the proximal part of the somatodendritic complex of Rt cells (Ohara & Lieberman, 1985) and perhaps also with the hillock and initial segment of their axon ; conversely, Rt cells form GABAergic synapses with the soma and proximal dendrites of TC neurons (Ohara et al., 1980; Montero & Scott, 1981; Montero, 1983; Cucchiaro et al., 1991; Harting et al., 1991) . Whether or not Rt cells exert their inhibitory action on the relay cells from which they receive inputs is a question of considerable interest.
The Rt is generally known as being the main generator of GABAmediated inhibition within the thalamus (Thomson, 1988; Pinault & Deschênes, 1992; Kim et al., 1997) . Although we do not understand how the neuronal connections between the thalamus and Rt function, there is preliminary evidence that they are implicated in both feedback and/or feedforward thalamic inhibitions and disinhibitions (see review by Sherman & Guillery, 1996) . During the past 12 years, electrophysiological studies have attempted to determine the functional link between TC and Rt neurons. (i) In anaesthetized rats, cross-correlation analysis of simultaneous ongoing activities of two, TC and Rt, vibrissae-responding neurons revealed that a pair of such cells with reciprocal relations represented rather a minority of cases (Shosaku, 1986) . (ii) Using extracellular and intracellular recording techniques in slices of ferret thalamus, it was demonstrated that reciprocal interactions between subsets of TC and Rt neurons are responsible for generating rhythmic burst firing (von Krosigk et al., 1993) . (iii) Intracellular recordings of TC neurons in slices of the cat visual thalamus could reveal a post-action potential long-lasting hyperpolarization, which was bicuculline-sensitive, in only a few geniculate cells (Lo & Sherman, 1994) . This postsynaptic event was interpreted as the manifestation of either an actual feedback inhibition, or a FIG. 1. Simultaneous anterograde and retrograde stainings following extracellular microapplication of biocytin into the thalamic reticular nucleus (Rt). (A1, B1) Photomicrographs of horizontal sections showing the injection sites into the Rt regions that were related with the lateral dorsal/lateral posterior complex (LD/ LP) and with the ventral lateral thalamic nucleus (VL), respectively. Injection parameters: A1 (1-s pulses of 1000 nA, 50% duty cycle, for 30 min); B1 (0.2-s pulses of 200 nA, 50% duty cycle, on the top of a DC current of 50 nA, for 7 min). The section (A1) was counterstained with cresyl violet. In (B1), a part of the anterogradely stained Rt axonal arbors is visible in the VL. (A2) Presence of strongly and weakly (white arrows) marked thalamocortical (TC) somatodendritic arborizations outside and inside the axon terminal arbors within the LD/LP, respectively. Section (A2) is about 360 µm more dorsal than section (A1). (B2) Presence of two retrogradely labelled TC somatodendritic fields (arrowheads) outside the Rt arbors. The sections (B1) and (B2) are about 180 µm apart. Scales bars: A1 and A2, 150 µm; B1, 400 µm; B2, 200 µm.
feedforward inhibition that was generated by a coincident action potential in another TC neuron. In none of the electrophysiological studies suggesting that a TC neuron is reciprocally connected with a Rt cell had the corresponding anatomical relationships been demonstrated.
Therefore, it was tempting to seek, at both single-and multiunit levels, whether the anatomical relationships between Rt and TC neurons form closed and/or open circuits, meaning that whether or not TC neurons are innervated by their target Rt cells. We have thus examined the material that had been marked juxtacellularly and extracellularly with biocytin or Neurobiotin in adult rats. Each tracer is a biotin-containing compound known as being transported retrogradely as well as anterogradely (Lapper & Bolam, 1991) .
An abstract of some of these results has been presented (Pinault & Deschênes, 1998b 
Materials and methods
All the biological and chemical materials that were examined come from previous studies, in which all the surgical and experimental procedures had been described in detail (Pinault, 1996; , 1998a (Olfert et al., 1993) . The extracellular or juxtacellular biocytin (Sigma, St Louis, MO, USA) or Neurobiotin (Vector Laboratories, Burlingame, CA, USA) applications were made at physiologically identified sites (Pinault, 1996) with the help of the atlas of Paxinos & Watson (1986) .
Extracellular marking
Extracellular applications were realized with micropipettes via the use of an iontophoretic device (IP5, Neuro Data, Cygnus technology, Inc., Delaware Water Gap, PA, USA), from which marker was applied with square anodal pulses of 50-1000 nA (duration: 0.2-1.0 s, 50% duty cycle) delivered on the top of a DC current of 25-200 nA. This iontophoretic procedure lasted 4-30 min. Forty-two and seven extracellular dye applications were made at different locations, respectively, in the Rt and in the dorsal thalamus of 21 anaesthetized Sprague-Dawley male rats (280-350 g). The external diameter of the micropipette tip was generally larger for injecting tracer into the thalamus (about 3-5 µm) than that of pipettes used to reach the Rt (about 1.5-3 µm).
Juxtacellular marking
Juxtacellular filling consisted of tickling the target neuron with the bridge circuitry of the recording amplifier (IR-283; Neuro Data, Cygnus technology, Inc.) by applying positive nano-currents (0.5-8 nA) onto its membrane with a tracer-filled micropipette (external tip TABLE 1. Cumulative number of thalamocortical neurons that were found inside or outside the reticular axon terminal field located in a given thalamic nucleus. diameter: about 1 µm) under continuous electrophysiological control (Pinault, 1994 (Pinault, , 1996 . Thereby, 155 electrophysiologically identified Rt cells were individually marked in 68 anaesthetized adult rats. Twelve TC neurons were likewise labelled juxtacellularly with biocytin.
Histology
The tracer-filled neuronal elements were solidly visualized after processing the brain tissue with the avidin-biotin-peroxidase complex (ABC, Vector Labs, Burlingame, CA, USA). The histological procedures are thoroughly described in published reports (e.g. Pinault, 1996; . Because of a non-specific background staining, the boundaries between the thalamic nuclei and the Rt are often clearly visible; if not, cresyl violet was used as a counterstain.
Labelled neuronal elements were observed on a light microscope, and some of them were reconstructed in three dimensions from serial sections using a 40ϫ and/or 100ϫ objectives with the aid of a camera lucida attachment connected to a computer graphics instrumentation (Neurolucida; Microbrightfield, Colchester, VT, USA). All the graphic material that is being presented herein was prepared with shrinkagecorrected dimensions (see methods by Pinault & Deschênes, 1998a) .
Results

Simultaneous anterograde and retrograde labelling after tracer deposit into the Rt
When visible the core of the injection sites had a diameter that rarely exceeded a few tens of µm and was always confined within the Rt limits ( Fig. 1 A1 and B1 ). In about three-quarters (30/42) of the cases 1-10 Rt cells were labelled. Those that were relatively remote from the injection site had at least one dendrite that crossed it. Anterogradely marked axonal arbors were seen within the corresponding thalamic nuclei (Fig. 1A2, B1 and B2 ). Most of these arbors were unambiguously identified as belonging to Rt cells (Pinault et al., 1995a (Pinault et al., , 1995b . These terminal fields as well as remote axonal branches were darkly stained, indicating that the labelling was complete.
Twenty-two out of the 30 multiunit labellings were accompanied by the retrograde marking of some TC neurons (n ϭ 1-10) ( Fig. 1A2  and B2 ). In each case, most of them (n ϭ 1-9) had their somatodendritic arborization located at or beyond the fringe of the anterogradely stained Rt axonal arbors and were not within the zone occupied by labelled Rt boutons; additionally, in only eight instances, a few TC neurons (n ϭ 1-3) had their somatodendritic arbor located inside the Rt axon terminal fields ( Fig. 1A2 and 2) . On close inspection, one of such cell lay within the territory of the anterogradely labelled Rt boutons (not shown). As a rule, the labelling of the TC neurons that were inside the Rt axonal arbors was often less intense than that of cells off the arbors (Fig. 1A2) . The larger number of neuronal elements that were marked at the injection site, which was usually related to the amount of the applied iontophoretic current (Fig. 1A1 and B1) , the larger was that of the retrogradely labelled TC neurons (A2 and B2). A majority of retrogradely stained TC cells were found outside the Rt axonal arbors in the anterior dorsal, anterior ventral, lateral dorsal/lateral posterior, medial dorsal, ventral lateral and ventral posterior thalamic nuclei, and in the posterior thalamic nuclear group (Table 1) . Two representative examples are illustrated in Fig. 1 .
Simultaneous anterograde and retrograde labelling after tracer deposit into the thalamus
The core of the biocytin injection sites into the posterior thalamus usually had a diameter of several tens to a few hundreds of micrometres with several tens of TC neurons marked. Anterograde labelling of fibres going into the Rt was observed in all cases (n ϭ 7), and it displayed dense stripe-shaped plexuses of axonal fibres (Pinault et al., 1995a) . Retrograde marking of Rt cells was also seen at the periphery as well as in the centre of the labelled plexuses (not shown). In three instances, few (n ϭ 1-3) tracer-filled Rt cells had most of their somatodendritic arbor located beyond the fringe of the anterogradely marked axonal fields (see Fig. 7C in Pinault et al., 1995a) .
Juxtacellular staining of pairs of reticular and thalamocortical cells
Usually, the juxtacellular technique stains anterogradely only the recorded nerve cell (Pinault, 1996) . However, from more than 100 individually labelled Rt cells, five were accompanied by the retrograde marking of a single TC neuron (Fig. 3) . To all appearances, this cell was back-filled by the tickling procedure performed at the recording/ filling site, which was located either on the cell body of the target Rt cell, or on the most proximal part of one of its dendrites. Moreover, thin axonal branches of the back-filled TC neuron had varicosities and terminal boutons that seemed to be in synaptic contact with the proximal part of the somatodendritic complex of the recorded cell (Fig. 3C) . Furthermore, in each case, the axonal trunk of the tracerfilled TC unit, which was visible up to the internal capsule, passed at a relatively short distance (a few µm to a few tens of µm) from the proximal subfield of the somatodendritic complex of the marked Rt cell. In four cases the somatodendritic arbor of the retrogradely labelled TC neuron was off the corresponding anterogradely filled Rt axonal arbor (Fig. 3A,B) . In the other case, the axon terminal field of the Rt cell was not stained.
Juxtacellular marking of thalamocortical neurons
All the juxtacellularly filled TC neurons have their principal axon well visible at least up to the internal capsule. As it crossed the Rt, the axonal trunk usually gave off thin, short-range, highly branched collaterals (Fig. 4A1 or B1 ) bearing terminals and boutons en passant (see Fig. 3C ). Such an axonal field extended for a few hundreds of µm, within a domain that matches in size the dendritic spread of a single Rt cell (Fig. 4A2 or B2) .
Discussion
The present anatomical study shows that Rt and TC neurons form predominantly open rather than closed loop connections with each other. If reciprocal connections among these neuronal populations do exist, they likely implicate a relatively small proportion of cells and/ or a minimal overlap between the Rt axonal fields and the dendritic domains of TC neurons from which they receive synaptic contacts.
Technical considerations
The juxtacellular or extracellular staining procedure marks the neuronal element/s that is/are physically damage by the micropipette tip and/or by the iontophoretic current (Pinault, 1996) . The higher intensity of the current, the higher is the number of elements retrogradely as well as anterogradely marked. The adequate intensity of the juxtacellular electric field is µ 10-100 times lower than that of the extracellular electric field. The juxtacellular 'tickling' procedure, which is a refinement of the extracellular technique, usually stains the neuron being recorded and, very exceptionally, one presynaptic cell (retrograde labelling) that has a termination passing through the injection site (Pinault, 1996) .
Open loop connections between Rt and TC neurons
Several lines of evidence indicate that the back-filled TC cells lying outside the axon terminal field of the labelled Rt units made synaptic contacts with them. Back-filled TC axons crossed the Rt at or very close to the reticular microinjection sites, which contained stained TC axon collaterals and Rt somatodendritic arbors. In keeping with previous observations from intracellular data (Harris, 1987) , the field of collaterals of TC axons was usually spatially restricted next to their branching point in the Rt. And the size of the axon collateral plexus is within the dimensions of the dendritic spread of Rt cells. In any of the juxtacellularly marked Rt-TC neuronal pairs, it is likely that the TC unit that was back-filled from a juxtaaxonal application at the recording site formed synaptic contact with the recorded Rt cell (Pinault, 1996) . Our interpretation is reasonable because it is known that TC neurons form synapses onto the proximal part of both the somatodendritic complex and axon of Rt cells (Ohara & Lieberman, 1985; . But how many TC axonal boutons participate in the loop remains an open question. In the case of the neuronal pair of Fig. 3C , 15 out of 181 boutons distributed over the proximal part of the somatodendritic field of the marked Rt cell. As the tracer-filled TC neuron apparently contacted other Rt units in the neighbourhood of the juxtacellularly stained Rt cell, it is worth mentioning that Rt cells with overlapping dendrites have converging axonal projections , 1998a .
So, assuming that the anterogradely stained Rt cells were synaptically contacted by back-filled TC neurons lying away from the corresponding Rt arbors, it is tempting to conclude that, in the adult rat, Rt and TC neurons form open circuits. Such open loops would represent about 84% of cases (see Table 1 ). The open loop architecture of the Rt-TC relationships has an important bearing on the physiological functioning of the thalamus. Similarly, if we assume that the back-filled TC neurons lying inside the axon terminal field of the labelled Rt cells made synaptic contacts with them, disynaptic loops would represent a minority of cases (about 16%, see Table 1 ). This is in line with physiological data showing a small proportion of cases of reciprocity among the two neuronal populations (about 17% and 20% in the studies by Lo & Sherman, 1994; and by Shosaku, 1986, respectively) .
Functional implications
The present findings imply that a single TC neuron is, usually, not targeted by the Rt cell it innervates. This open loop, which involves two cellular types (excitatory and inhibitory, respectively; see introduction), is the anatomical basis of a lateral inhibition mechanism (Fig. 5) . For that, one can suppose that activation of this circuit begins with the firing of cell TC1. It then excites cell Rt2, and that neuron inhibits the thalamic cell TC2, which is in the neighbourhood or at some distance apart of cell TC1.
Furthermore, knowing that Rt cells could synaptically communicate via their dendrites (Deschênes et al., 1985; and assuming that dendrodendritic synapses mainly generate a shunt or inhibitory effect, as demonstrated in in vitro preparations (Bal et al., 1995a (Bal et al., , 1995b Sànchez-Vives & McCormick, 1996; Ulrich & Huguenard, 1997) , the firing in cell Rt2 would decrease the output of cell Rt1, thereby reducing the inhibitory pressure on the thalamic neuron TC1. This trisynaptic loop would form the anatomical substrate of a feedback disinhibition mechanism, which would contribute to enhance the centresurround contrast generated by lateral inhibition. Both lateral inhibition and feedback disinhibition would thus act conjointly to subdivide the thalamus into functional modules, creating transient and strong lines of communication with the neocortex. Although corticothalamic inputs were not included in the schematic drawing, such inputs, which are known to be abundant (Sherman & Guillery, 1996) , may facilitate both lateral inhibition and feedback disinhibition by inducing correlated firing between nearby neurons with similar receptive-field properties (Sillito et al., 1994) . It is worth stressing that the two TC neurons (TC1 and TC2; Fig. 5 ) that are involved in the centre-surround contrast have little or no overlap of their somatodendritic arbors, whereas those of the two corresponding Rt cells (Rt1 and Rt2; Fig. 5 ) are supposed to overlap. As suggested by the searchlight hypothesis (Crick, 1984) , these cellular mechanisms could be responsible for a functional modularization of the thalamus and underlie the selection of salient features of stimuli during selective attention.
Also, the present anatomical data suggest that, in the adult rat, reciprocal connections between Rt and TC neurons implicate a FIG. 5 . Schematic drawing illustrating likely synaptic relationships between single thalamocortical (TC) and thalamic reticular nucleus (Rt) neurons. These nerve cells, which are, respectively, excitatory and inhibitory, form an open loop connection. Some of the terminal axonal boutons of one TC neuron contact one Rt cell; similarly, some terminal boutons of one Rt cell make synaptic contacts with one TC neuron. Activation of the open loop starts with neuron TC1, for instance following an afferent discharge on a specific prethalamic input (active). The cell TC1, via its axon collateral, excites cell Rt2, and that cell then inhibits cell TC2 (lateral inhibition). The neuron Rt2, via dendrodendritic synapses, inhibits cell Rt1, and that neuron then disinhibits the neuron TC1 (feedback disinhibition).
relatively small proportion of cells. Recent in vitro physiological and pharmacological data provide conclusive evidence that, in the ferret, perigeniculate and dorsal lateral geniculate neurons form disynaptic loops (Bal et al., 1995b; Bal & McCormick, 1996) . Indeed, activation of a single perigeniculate GABAergic cell often resulted in the generation of 'return EPSPs' from rebound burst firing in postsynaptic/ presynaptic TC neurons. Such reciprocal interactions are responsible for generating synchronized oscillations in the thalamus. Future studies are needed to appreciate the respective roles of the lateral inhibition and of the reciprocal interaction during physiological or pathological thalamocortical activities.
Note added in proof
An intrathalamic disynaptic pathway, which allows interactions between modality-related dorsal thalamic nuclei, has recently been identified [Crabtree, J.W 
